SUMMARY Reproducibility and validity are prerequisites for a useful clinical scale. We therefore prospectively tested the reproducibility and validity of the New York Heart Association criteria and the Canadian Cardiovascular Society criteria for the assessment of cardiac functional class and compared these criteria with a new Specific Activity Scale based on the metabolic costs of specific activities. The New York Heart Association estimates made by two physicians had a reproducibility of only 56%, and only 51% of the estimates agreed with treadmill exercise performance. Functional estimates based on the Canadian Cardiovascular Society criteria were significantly more reproducible (73%), but not significantly more valid. The Specific Activity Scale was as reproducible as the Canadian Cardiovascular Society criteria, and its 68% validity was significantly higher than the validities of the other systems. The easily administered Specific Activity Scale was equally reproducible and valid when used by a nonphysician. It was especially better than the other systems for the evaluation of true class II patients and was significantly less likely to underestimate treadmill performance. Although no set of questions can perfectly predict exercise tolerance, the Specific Activity Scale deserves wider prospective testing.
SEVERAL SYSTEMS have been proposed for categorizing the degree of cardiovascular disability so that one patient can be compared with another and so that one patient's status can be monitored over time.1 4 The most often used classification system, formulated by the Criteria Committee of the New York Heart Association (table 1), classifies patients according to the degree of symptoms resulting from ordinary or less-than-ordinary activity. Although this widely adopted system has been used to categorize the functional status of patients in numerous clinical studies, no information is available concerning how often clinicians would disagree in their definitions of "ordinary" or in their assessments of a patient's functional class, 6 and few data are available regarding the system's correlation with objective measures of exercise tolerance.6' 7 In 1972, the Canadian Cardiovascular Society proposed more detailed criteria (table 2) , which have been adopted by several studies, including the National Heart, Lung and Blood Institute's Coronary Artery Surgery Study.8 However, the Canadian Cardiovascular Society system has not been evaluated for its reproducibility or for its correlation with objective measures of exercise tolerance.
Because of this uncertainty regarding both the reproducibility and the validity of these two functional classification systems, we developed a new Specific Activity Scale to assess cardiac functional class. In a prospective study in the exercise laboratory of the Peter Bent Brigham Hospital, our simple, easily administered system was significantly more reproducible and significantly more valid than the New York Heart Association criteria and was significantly more valid than the Canadian Cardiovascular Society criteria.
Methods

Development of the Specific Activity Scale
The approximate metabolic costs of a variety of personal care, housework, occupational and recreational activities were estimated based on available data.*91-2 During a 1-month pretesting phase, we identified questions that referred to activities appropriate for our patient population ( III IV *These questions were selected from a much larger group of questions because of their relevance to our patient population.
Abbreviation: mets = metabolic equivalents of activity. ond interview performed by a medical librarian who had never interviewed a patient and had no background in cardiovascular diseases. The remaining 45% of patients had their second interview performed by a board-certified cardiologist. The second interviewer could not be randomly selected; the research assistant was a half-time employee who interviewed all patients who had exercise tests during her working hours.
In addition to asking the questions directly related to the Specific Activity Scale, the interviewers also estimated the patient's Canadian Cardiovascular Society functional class. For the purposes of this study, symptoms other than angina were considered limitations that would place a patient into the Canadian Cardiovascular Society functional class that best estimated the degree of physical disability.
The patient's New York Heart Association functional class was estimated independently by two physicians. One estimate was made before the exercise test by the board-certified or board-eligible cardiologist who was to conduct the test. This physician did not know the estimates made by the coauthors, but was free to interview the patient to his own satisfaction; the full criteria of the New York Heart Association were posted in the exercise test laboratory for the physician to refer to. Five cardiologists conducted exercise tests during this study. After the exercise test was completed, the physician who had referred the patient to the exercise laboratory was contacted. This physician was asked to estimate the patient's New York Heart Association functional classification before being told the results of the exercise test. We offered to read the specific criteria of the New York Heart Association to the referring physician so there could be no confusion as to what the criteria stated.
Exercise Protocol
All but three patients had standard Bruce protocol treadmill exercise tests'3 as routinely performed at Peter Bent Brigham Hospital.' The three other patients had modified protocols'6 using the same equipment. All patients were encouraged to hold onto the handrails during the exercise test. The cardiologist performing the exercise test encouraged patients to reach 85% of their maximal predicted heart rate, but he would stop the test if the patient could go no further or refused to go further because of symptoms or developed asymptomatic electrocardiographic changes, such as worrisome ventricular arrhythmias or severe ST-segment depression. The duration of exercise was timed electronically. True functional class was defined as class I if the patient performed more than 6 minutes of the Bruce protocol or more than 9.5 minutes of the modified protocol; class II if the patient performed more than 3 minutes but not more than 6 minutes of the Bruce protocol, or more than 6.5 minutes but not more than 9.5 minutes of the modified protocol; class III if the patient performed more than 1 minute but not more than 3 minutes of the Bruce protocol or more than 2 minutes but not more than 6.5 minutes of the modified protocol; and class IV if the patient did not perform more than 1 minute of the Bruce protocol or more than 2 minutes of the modified protocol.
Data Analysis
For both the New York Heart Association and the Canadian Cardiovascular Society Systems, patients who were estimated to be asymptomatic and who could perform the activities consistent with class I status were considered as class I rather than as the unofficial, but occasionally used, class 0. We defined reproducibility as interobserver agreement or disagreement on the assessment of functional class and validity as the agreement or disagreement of the functional classification estimates with the patient's true functional classification as determined by the objective exercise test. Based on our pretesting, we hoped to show a 20% increase in reproducibility and a 20% increase in validity using the Specific Activity Scale. To detect such changes with a power of 80% (i.e., a j3 error of 20%) and an a error of 5%, reproducibility testing was estimated to require 75 patients and validity testing was estimated to require 40 patients (80 estimates). We therefore decided to enroll 75 patients and then terminate the study and analyze the data. Of the first 78 eligible patients, one patient was eliminated because logistic problems prohibited a second Specific Activity Scale interview and two patients were eliminated because the referring physician could not be contacted before he had already obtained the results of the exercise test; the remaining 75 patients constituted the study population.
The overall proportion of times that the functional class estimates were reproducible (percentage of patients assigned to the same functional class by both observers using the same system) and valid (percentage of functional class estimates that agreed with the treadmill performance class) for each of the three functional classification systems was analyzed. Simultaneous comparisons of the performances of all three classification systems were analyzed using a chisquare statistic with 2 degrees of freedom. If the overall chi-square statistic was significant, two-by-two comparisons of one system with another were made by the Mantel-Haenszel matched analysis because the performances of all three classification systems were measured on a common set of patients and, in some instances, by the same investigator."' Statistical significance was defined as p < 0.05.
To take into account the degree of reproducibility and validity that could be expected to occur by chance, kappa statistics were also generated. ' In four of the 150 New York Heart Association estimates and three of the 150 Canadian Cardiovascular Society estimates, an interviewer could not decide between two functional classes (e.g., class I vs class II). These patients were not eliminated from the study, because to do so might bias our results. Thus, in our reproducibility and validity calculations, the choice among the functional class estimates was determined by a coin flip (class I or class II). In the calculation of Spearman correlation coefficients, however, the functional class estimate was considered intermediate (class 1.5). The Specific Activity Scale and the Canadian Cardiovascular Society system both had a reproducibility of 73%, which was significantly higher than the 56% reproducibility of the New York Heart Association classification system (table 5) . The reproducibilities of the Canadian Cardiovascular Society system and of the Specific Activity Scale did not depend on which of the coauthors performed the patient interview. The relative reproducibilities of all three classification systems were independent of the patient's presenting complaint, the patient's ability to achieve 85% of the maximal predicted heart rate and the results or duration of the exercise test.
Results
The reproducibility of the New York Heart Association criteria was similar to that found for unreliable radiographic criteria (table 6) . Conversely, the better reproducibilities of the Specific Activity Scale and of the Canadian Cardiovascular Society system were comparable to those for common physical examination data.
Validity Testing
The New York Heart Association estimates agreed with exercise treadmill performance only 51% of the time; this validity rate was not quite significantly lower than the 59% validity rate for the Canadian Cardiovascular Society system, but was significantly low- er than the 68% validity rate for the Specific Activity Scale (table 7) . Also, in the matched-pair analysis of the 37 instances in which the true functional class agreed with a coauthor's Canadian Cardiovascular Society estimate or with his or her own Specific Activity Scale estimate, but not with both estimates, the Specific Activity Scale estimate was significantly more likely to predict treadmill performance (25 matched pairs vs 12 matched pairs, x2 = 4.57,p = 0.033). The Specific Activity Scale had the highest weighted kappa statistic (0.54), followed by the Canadian Cardiovascular Society system (0.47) and the New York Heart Association system (0.33). Similarly, the Specific Activity Scale had the strongest correlation (r = -0.66) (table 8) with the duration of treadmill exercise in seconds, followed by the Canadian Cardiovascular Society system (r = -0.64) and the New York Heart Association system (r = -0.54).
All three systems were equally likely to overestimate treadmill performance, but both the New York Heart Association (41 estimates) and the Cana- dian Cardiovascular Society (35 estimates) systems were significantly more likely to underestimate treadmill performance than was the Specific Activity Scale (20 estimates; both p < 0.01). The mean Specific Activity Scale estimate for the entire series (1.65) was very similar to the patients' true mean functional class (1.69). The mean Canadian Cardiovascular Society system estimate (1.81) was actually farther from the true mean functional class than was the mean New York Heart Association estimate (1.77). The tendency of both the Canadian Cardiovascular Society system and the New York Heart Association system to underestimate performance is consistent with the systems' criteria that classify patients based on the activities that are associated with symptoms. Conversely, the Specific Activity Scale classified patients No 6, DECEMBER 1981 by the activities that could be performed to completion regardless of symptoms. When using the New York Heart Association classification system, the validity rates of the cardiologists performing the exercise tests were identical to those of the referring physicians. Similarly, the two physician coauthors and the research assistant were all equally valid in their use of the Canadian Cardiovascular Society criteria and of the Specific Activity Scale. There was no evidence that the examiners' predictions of exercise tolerance became more or less valid during the study.
The relative validities of the three functional classification systems did not depend on the reasons for which the exercise test was performed, the percent of predicted heart rate achieved, why the patient ceased exercising, or the degree of electrocardiographic changes precipitated by the exercise test. The Specific Activity Scale was as valid in patients who did not perform activities because of fear or disinterest as in patients who ceased activities because of cardiac symptoms. No patient subsets could be identified in which either the New York Heart Association classification system or the Canadian Cardiovascular Society system performed significantly better than the Specific Activity Scale, but the increased validity of the Specific Activity Scale was most notable in the 23 patients with true class II exercise tolerance: 32 of 46 (70%) Specific Activity Scale estimates were valid, compared with 19 of 46 (41%) Canadian Cardiovascular Society estimates and only 16 of 46 (35%) New York Heart Association classification estimates (both p < 0.01). Because only one of our 75 patients had class IV treadmill performance, we cannot compare the relative validities of the three classification systems for class IV patients.
Discussion
Transforming clinical data into useful clinical scales is one of the most challenging problems in clinical research.25 For a measurement scale to be valuable, it must be reproducible from one observer to another, and it should be reasonably well correlated with a relatively objective standard. Thus, the activity of daily living scale26 and the sickness impact profile27' 28 represent measurement scales that have successfully transformed clinical data into health status measures.
Our standard, the exercise treadmill test, provides an estimate of oxygen consumption but is unlikely to be identical to true oxygen consumption. However, in the study by Franciosa and colleagues,7 measured oxygen consumption and exercise duration were highly correlated. Thus, treadmill exercise performance appears to be a reasonably valid standard for assessing functional capacity and classification.
As noted by Selzer and Cohn,5 the widely accepted criteria of the New York Heart Association have never been subjected to the systematic reproducibility and validity testing that would normally be required of any clinical assay or diagnostic test. In our series, the New York Heart Association classification system's reproducibility of only 56% was significantly lower than the reproducibilities of the other two systems. We cannot be sure that this low reproducibility of the New York Heart Association system was not biased by the fact that it was administered by the referring physician and the exercise laboratory physician, whereas the authors administered the other two systems. However, because the New York Heart Association criteria were posted in the exercise laboratory and because we offered to read the criteria to all referring physicians, this bias should have been minimized. Further, our reproducibility and validity rates did not increase over the course of the study, suggesting that further experience with the Canadian Cardiovascular Society criteria or with the Specific Activity Scale was not important. Thus, we believe that the higher reproducibility of the Canadian Cardiovascular Society system was related to the greater details included in its definition, but that the further detail in our Specific Activity Scale could not improve upon the reproducibility attained by the Canadian Cardiovascular Society criteria.
Our findings regarding the poor validity of the New York Heart Association system were consistent with the findings of previous studies. In one series,6 the New York Heart Association functional classification as estimated by the consensus of two physicians predicted exercise tolerance in 32 of 43 patients (74%).
In another series,7 however, the New York Heart Association functional classification as estimated by a single physician predicted exercise tolerance in only 16 of 44 patients (36%) with congestive heart failure. The pooled results of these two studies would yield a validity of 55% (48 of 87 patients), which is similar to our validity rate of 51%. By comparison, the Specific Activity Scale was significantly more valid than either the New York Heart Association system or the Canadian Cardiovascular Society system. This increased validity of the Specific Activity Scale was not surprising because we asked standardized questions related to the individual activities that a patient could perform and then compared the responses with a patient's actual ability to exercise. Using a similar approach, Taylor and colleagues29 showed that the sum of energy expenditures required for the many leisure activities an adult performs has a multiple correlation coefficient (R) of 0.45 with treadmill exercise capacity. The study's higher correlation coefficient in our study (r = 0.66) may indicate that the standardized questionnaire approach is more accurate in patients with symptoms than it is in asymptomatic adults.
Our study design allowed the New York Heart Association criteria to be applied by experienced physicians, including the patient's own doctor. Thus, we believe that the 56% reproducibility and 51% validity of the New York Heart Association criteria indicate that this system is not adequate to evaluate a patient's response to therapy or to compare one patient with another. The Canadian Cardiovascular Society system and the Specific Activity Scale, as applied by interviewers who did not know the patient and who were often less experienced than the physicians who 1232 CIRCULATION ASSESSMENT OF FUNCTIONAL CLASS/Goldman et al.
estimated New York Heart Association classifications, had significantly higher reproducibilities, but only the Specific Activity Scale had a significantly higher validity.
Other authors have proposed classification systems that were not tested in our investigation. Feinstein3 proposed a clinical taxonomy that used a detailed questioning of a patient's occupation, customary activities and sporadic activities. This system is advantageous for the in-depth assessment of an individual patient's change over time, but it was not designed to compare one patient with another. The anginal severity system of Peduzzi and Hultgren,4 which was proposed in response to the perceived shortcomings of the New York Heart Association criteria, integrated the amount of therapeutic intervention and the severity of the patient's angina. However, Peduzzi and Hultgren's questions regarding level of activity are of unknown reproducibility, and the system as a whole may be too cumbersome to use outside of the clinical research setting.
The popularity of the New York Heart Association classification system is at least partly based on its simplicity. Any system that might replace this standard should be more accurate without being appreciably more complex. We believe that the Specific Activity Scale, which is based on the metabolic requirements of some of the same types of activities that are often included in present routine assessments, represents an acceptable tradeoff between precision and complexity. The Specific Activity Scale was equally valid when administered by a nonphysician, and its questions were no more time consuming than those used by the participating cardiologists to estimate New York Heart Association classifications.
The 73% reproducibility and 68% validity of the Specific Activity Scale probably indicate that no cardiovascular functional classification system based on the medical history can be perfectly reproducible or valid. Even with the Specific Activity Scale format, there was some variation in the exact way that questions were asked; some patients gave patently contradictory answers to the same questions, and some patients' reproducible responses were not predictive of their objective exercise tolerance.
There are no data regarding the prognostic value of a patient's Specific Activity Scale class, and any new system may perform better for its originators than it will for others. Nevertheless, the Specific Activity Scale appears to have distinct advantages over the Canadian Cardiovascular Society system, which in turn was better than the New York Heart Association system. If further trials at other institutions substantiate our experience, the Specific Activity Scale or its future modifications might appropriately replace these previous systems in both clinical practice and clinical investigation. showing a characteristic type of "anastomosis" with a pulmonary artery: Bronchial artery collaterals arise from bronchial arteries (so judged by origin and distribution) and anastomose with pulmonary arteries inside the lung. Direct aortic collaterals arise from the descending aorta, enter the lung at the hilum and supply a lobe, or at least a segment. Inside the lung, structure and distribution are those of a pulmonary artery; outside the lung, those of a systemic artery. These vessels sometimes anastomose inside the lung with pulmonary arteries from neighboring segments of lobes. Indirect aortic collaterals arise from major branches of the aorta other than bronchial arteries (e.g. internal mammary, subclavian), and usually anastomose with the central pulmonary arteries outside the lung.
All three types of SCAs were found in TOF + PA, but only bronchial artery collaterals were found in TOF. SCAs narrowed at the site of anastomosis with a pulmonary artery; this apparently protected the peripheral intraacinar arteries from high flow and pressure and prevented changes of excessive muscularity and intimal hyperplasia.
In most patients, the intraacinar arteries were smaller than normal; in patients who had large, surgically created shunts of long duration they were fewer in number, of greater muscularity and with severe occlusive changes of intimal hyperplasia. The number of alveoli was reduced in almost all patients, but because alveolar size was increased, only a few patients had a small lung volume.
Early surgical correction of TOF may prevent the impairment in alveolar and vascular growth described here. In TOF + PA patients, selective arteriography of all large aortic collaterals should be performed preoperatively to determine their intrapulmonary distribution and relationship with central pulmonary arteries. This will help in selecting the surgical procedure and identify collaterals that can be safely ligated.
RECENT ADVANCES in cardiac surgery allow correction of tetralogy of Fallot (TOF) in infancy,1-3 which may be desirable for normal structural development of the lung.4"-" However, no study has been carried out to quantify the extent of impaired lung and vascular growth from infancy to adulthood in pa-tients with TOF, including those with previous palliative procedures. In patients with TOF and associated pulmonary atresia (PA), it is difficult to determine the type and timing of surgical interventions that will optimally increase pulmonary blood flow.17-25 This is because of the difficulty in assessing preoperatively the relative importance of the central pulmonary and systemic collateral arteries (SCAs)2644 and the degree of structural abnormality in the peripheral pulmonary vascular bed.42 44
In the present study, we used arteriography and morphometric techniques to quantitatively assess lung growth and vascular development in a consecutive postmortem series of patients with TOF, including some with and some without PA. For each type of SCA distinguished by site of origin, we identified a pattern of anastomosis with pulmonary arteries.
